Introduction
Officially, more than three billion m³ of wood is harvested yearly from forests all over the world (FAO 2009 ). The depletion of durable wood (Tascioglu and Tsunoda 2010) and the shortage of quality timber (Chung et al. 1999 ) necessitate the use of less durable and lesser known wood species as well as the use of engineered wood products. Furthermore, efforts to shift to more low-energy, environmental friendly building materials and the endeavour at minimizing costs (Krüger and Laroca 2010) have also created the search for adopted or new building materials and building concepts with an important role for these engineered products. The advantage of the latter is that they can be manufactured with a wide range of properties for a wide range of purposes. Among the engineered wood products, plywood is the wood based panel showing one of the best physical and mechanical properties for application in use class 3, i.e. exterior exposure without ground contact. In 2008 the production and consumption in the EU-27 were respectively 3.16 million m³ and 6.31 million m³ (FEIC 2009 ), stressing its importance on an international scale. The mechanical and physical criteria to be met for construction purposes in general and more specifically for outdoor application are well defined. Appropriate physico-mechanical durability for exterior applications in transportation or construction systems can be guaranteed by assessment of the glue bond quality and mechanical characteristics. Where it concerns the requirements for biological durability needed when using plywood in outdoor applications, the current European standardization remains vague and insufficient. According to EN 636 (2003) the durability should be addressed as outlined in EN 335-3 (1995) while guidance on factors affecting durability and on precautionary measures which may be considered as necessary can be found in ENV 1099 (1998) . But the latter offers only very brief and incomplete information (De Smet and Van Acker 2006) . However, since several plywood types based on less durable wood species show good performance in exterior conditions, more accurate knowledge on the biological durability is needed in order to be able to classify them according to durability performance. In this regard the study of their moisture dynamics is crucial, all the more because it is generally known that moisture has a significant influence on the mechanical and physical properties of wood, plywood and other wood based materials (Dinwoodie 2000) . Practical experience with plywood shows that it outperforms solid wood homologues and underpins a separate approach. In Van den Bulcke et al. (2009b) a new set-up was introduced to monitor the moisture content (MC) of plywood continuously on a weighted mass basis (CMM = Continuous Moisture Measurement). In the present paper the results of more than two years of CMM testing of a selection of plywood types are processed and presented. X-ray radiography and tomography scans are taken for visual aid at the interpretation of moisture measurements. Furthermore, comparison is made with fungal testing in the laboratory in order to relate the outdoor moisture behaviour with fungal decay susceptibility. Several research questions are highlighted, without the intention to rank different plywood types according to performance: How do different plywood types behave in terms of moisture dynamics during two years of outdoor weathering? Are differences discernable regarding glue type, wood species and veneer thickness? Are effects of weathering visible with X-ray radiography and tomography? What is the fungal susceptibility of plywood? Do measurements of plywood MC and the combined dose of MC and temperature determined in the CMM set-up relate to fungal lab testing?
Test material
The research presented in this paper is part of the work performed in a European Research Project called PLYBIOTEST. In this project a total of 60 different kinds of plywood produced by European plywood companies were tested for the biological performance in exterior out of ground application. For the purpose of this paper a selection is made of 10 plywood types which can be regarded as typical plywood available on the European market (Table 1) . Both tropical hardwood species such as okoumé (Aucoumea klaineana) and sapelli (Entandrophragma cylindricum) as well as hard-and softwood species such as birch (Betula spp), poplar (Populus spp), spruce (Picea abies) and maritime pine (Pinus pinaster) are used. From this selection, the birch (b1) and the poplar plywood glued with UMF (p1) and PF (p3) have a coated equivalent (phenolic film) which is added for comparison.
CMM set-up
For detailed information on the CMM set-up and accompanying sample preparation, the reader is referred to Van Acker and De Smet (2007) and Van den Bulcke et al. (2009b) . Briefly, the CMM test set up consists of a wooden table upon which two parallel series of single load cells are fixed. The load cells are mounted onto small inert plates adjustable with screws in the four corners for levelling. On top of the load cells aluminium T-shaped holders are fastened. Plywood specimens measuring 150 mm x 150 mm with sealed edges are mounted on these holders. All load cells are calibrated such that the recorded voltages can be converted to weight values. MC of the test specimens was determined after the experiment by oven drying the plywood samples and used as a reference for converting weight signals to actual MC. Adjacent to the CMM set up a fully equipped weather station is installed consisting of a solar radiation sensor, a tipping bucket rain gauge, a relative humidity probe, a thermometer, an anemometer and a wind vane. All weather and moisture data are collected with an interval of five minutes.
X-ray radiography and tomography
The X-ray equipment of the Centre for X-ray Tomography (www.ugct.ugent.be) is used for evaluation of the plywood samples after weathering. A more detailed description of the tomographical set-up is found in Van den Bulcke et al. (2009a) . The weathered samples are mounted close to the detector and X-ray radiographies are taken for one sample for each plywood species. A resolution of approximately 110 µm is obtained. For the detailed 3D scans, small subsamples are taken in order to visualize the different veneer layers and the glue surfaces. The edge length of the cubic subsamples is equal to the thickness of the plywood board. Eight cone beam scans were taken sequentially. The sample is rotated for 360° and a projection image is taken every 0.45°. All these projection images are reconstructed and an approximate voxel size of 40 micron is obtained. Sample preparation, scanning and reconstruction took approximately 30 minutes. Volumes are visualized with VGStudio MAX®.
Fungal susceptibility
To evaluate the standard durability test methodology, an ENV 12038 (1999) test was set up for a selection of plywood types. Obligatory test fungi as mentioned in the ENV 12038 are Coniophora puteana (Schumacher ex Fries) Karsten (strain BAM Ebw. 15) and Pleurotus ostreatus (Jacquin ex Fries) Quélet (strain FPRL 40C). Specimen sizes are 50 x 50 mm and six replicates per fungus are used. A selection of eight plywood types was edge sealed on four sides with two layers of a two-component polyurethane finish to test the effect of sealing on decay. Every specimen is conditioned at 20°C ± 0.5°C and 65% ± 1% RH until constant mass is reached, weighed, sterilized and placed in a culture vessel on agar overgrown with the test fungus. The incubation period lasts for 16 weeks. At the end of incubation the test specimens were withdrawn from the culture vessels. The adhering mycelium was carefully removed and the specimens were weighed to the nearest 0.01g to determine the wet mass enabling to calculate the moisture content at the end of the test. The test specimens were placed in the oven at 103°C ± 2°C until the specimens reached constant mass and were weighed to determine the dry mass. The mass loss of each specimen was calculated by expressing the mass loss as a percentage of the final dry mass. A test product is designated as fully resistant to attack by wood-rotting Basidiomyceta when (a) the mean loss in mass of the test specimens is less than 3% (m/m), and (b) not more than one test specimen has suffered a loss in mass greater than 3% but less than 5%. As formaldehyde emission and other volatile components can have an inhibitory effect on the test results, test specimens are subjected to a preconditioning of 12 weeks in a well ventilated room at 20°C ± 0.5°C and 65% ± 1% RH before testing.
Analysis of the CMM data and the Brischke model
All data were converted to hourly data by averaging and missing data were excluded from analysis. For all plywood specimens, MC histograms were calculated. Further, Time of Wetness (ToW) was also determined based on the number of days above the 20% and 25% moisture limits which are used as guiding values for comparison of the different plywood types. Furthermore, the total dose that each plywood type received based on the MC (%) of the plywood samples and the temperature (T °C) measured by the weather station (material temperature was not known) was calculated using following formula 
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Results

X-ray radiography
A general view on the different plywood types used is given in Figure 1 by means of X-ray radiography. Obviously, as intensity is an integration along the thickness of the material, darker zones represent higher attenuating regions caused by a higher density of the wood species, amount and thickness of glue lines and veneer layers. Therefore the thick b2 species and the dense sap species are in general darker than for instance the p3 sample, although its total thickness is larger than sap. A striking example is the mp panel, showing both darker and lighter streaks due to large early-and latewood bands. Larger defects throughout the sample are visible as well, such as knots and cracks. The two lighter points on each panel are the screw holes for attachment at the T-shaped holders. The darker halo around each hole is the remainder of a silicone sealant that was used to prevent water penetration along the screw thread.
Analysis of the CMM data and X-ray tomography
The CMM set up started running in June 2006. This study contains data of more than two years of exposure. Weather details as recorded during this period are presented in Table 2 . Solar radiation is calculated over 24 hours. Figure 2 gives a graphical overview of the daily MC pattern for maritime pine together with daily climate data (rainfall, relative humidity (RH) and temperature). The combined influence of rain and temperature is distinguishable when looking at the MC profile. Continuous raining induces moisture accumulation, causing high MC during colder periods when temperature and solar irradiation are too low to force drying of the samples. The sharp peaks at the end of the measuring periods are believed to be caused by cracks in the top veneer and the glue line beneath it. It should be remarked that these measurements are an average of the sample and do not give a decisive answer about the moisture distribution in the sample. Although the relation between rain events and absorption / desorption of moisture by the plywood samples can be seen in this kind of graphs, for long time series analysis it is useful to assess them differently. Straightforward analysis of the moisture dynamics is histogram plotting, displaying the amount of days a sample had a specific MC as shown in Figure 3 . The two lines represent the critical 20% and 25% moisture content limits. They provide a means to visually assess a plywood sample. Another feature observed in some plywood species, is a differentiation between high and low absorbing samples. High absorbing samples were analyzed separately (black bar graphs in Figure 3 ) and not averaged in the low absorbing samples. Clearly, most of the plywood species exceed the 20% and 25% MC limit considerably. The effect of the thickness difference between 15mm and 18mm UMF glued poplar plywood (p1 and p2) is small, although the distribution for p1 is smaller and sharper, most probably due to a thinner top veneer. Glue-type is a more decisive parameter for the moisture behaviour of plywood. PF-glued 18mm thick poplar plywood (p3) is reaching higher MCs during several days than the UMF-glued variant (p2). The spruce (sp) and maritime pine (mp) plywood also exhibit a high absorption. Okoumé and especially sapelli plywood seem to have the lowest total moisture content, yet also poplar plywood performs better than other non-durable wood species. Similar conclusions were found by Van den Bulcke et al. (2009b) after 300 days of outdoor ageing of the plywood on the CMM, yet the total moisture accumulation is higher after two years, most probably due to ageing of the plywood. For spruce, maritime pine and poplar (p2 and p3) the distributions are righttailed. For some plywood specimens, a bimodal pattern is observed, most pronounced in coated samples. Reason for this can be found in the division of the exposure period into a warm, dry summer period and a colder and wetter winter period. Furthermore, a phenolic coating reduces the moisture content of the plywood samples and narrows the distribution. This is particularly obvious for the coated p3 (p3_c), which has a very sharp distribution with nearly constant MC between 13% and 25%. In order to understand some of the abovementioned phenomena, a subsample was taken from some panels and X-ray scanned. Both 2D slices and 3D renderings are given in Figure 4 . All right hand sides of the images as indicated on the first image, were exposed at 45° degrees and mostly give evidence of severe weathering. Especially on 2D cross-sections the layered structure with glue lines is visible. For the low and high absorbing poplar plywood, there seems hardly any difference in the structure and weathering state when examining the slices. A similar conclusion can be drawn for the birch plywood, yet the cracks in the top veneer of the higher absorbing sample were slightly deeper than for the lower absorbing sample, partially explaining the higher absorbance. For both the lower absorbing p1 and b1 samples, there seems to be a higher amount of glue, brighter and thus denser spots considered being glue, in the top veneer probably blocking water ingress more than is the case for the higher absorbing ones. For spruce plywood the conclusion is evident regarding the cracking of the first glue layer beneath the top veneer for the high absorbing sample. The absence and presence of cracks is shown in Figure 4 by means of white rectangles which give a magnified view (magnification factor is 2.5) on these features. Also displayed is the combination of okoumé and poplar showing very distinct glue bands, apparently also contributing to beneficial moisture dynamics, whereas the maritime pine plywood has large cracks in the outer veneer again resulting in a breach of the glue barrier. Bottom images show the sapelli plywood and the almost unaffected coated birch b1 plywood.
The decay risk can be evaluated using the ToW approach. The 20% and 25% moisture content limit is used as directional value. Viitanen (1997) suggested that the cumulative sum of periods allowing the decay development (time periods of RH 95-100% and time periods at temperatures above 0-5 °C) can be used to predict the risk of decay. According to Rapp et al. (2000) a limit of 25% wood moisture content seemed to be a reasonable figure beyond which wood can be degraded to a considerable extent, while the lower limit of 20% MC provides a margin of safety against fungal decay for comparison of the different plywood types (Morris and Winandy 2002) . The temperature restriction was set to 5°C meaning that days with T < 5°C were not taken into account. Again, as the average of the sample's moisture content is used, it is not possible to pronounce upon the moisture distribution, but in the light of mutual comparison of the samples such an approach is useful. Figure 5 displays the results of ToW analysis for T > 5°C and MC > 25% (Fig 5a) and MC > 20% (Fig 5b) after four time periods for the different plywood samples, sorted according to the results after 816 days (June 2006 -August 2008 . Clearly the samples with a phenolic film on top stay well below the critical 25% limit most of the time. Okoumé plywood, even in combination with poplar, belongs to the better performing group, and sapelli is even better than coated plywood species when considering the 20% MC limit. Spruce, maritime pine and the thicker birch plywood store moisture rather easily, which might increase decay risk. Weathering is an important issue as well, as it is evident that the mutual relations can change of which poplar p3 is a distinct example. Although the latter had the highest absorbance after merely 200 days, this changed drastically after longer ageing, establishing itself at the lower side of the high moisture accumulating specimen. In this respect the long term dynamics are important as the PF glued poplar seems to behave better than the UMF glued type (Fig 5b) , whereas this was not evident after one year of outdoor weathering. The same accounts for sapelli, in general even outperforming the coated specimen. The combined poplar plywood with outer okoumé veneer is also remarkable as it seems to have a rather drastic increase in MC > 20% after more than 800 days, probably caused by failure of the first glue line. All other samples show a rather uniform progression throughout the measuring campaign. 247  248  249  250  251  252  253  254  255  256  257  258  259  260  261  262   263   264   265  266  267  268  269  270  271  272  273  274  275  276  277  278   279   280   281   282  283  284  285  286  287  288 Fungal test results are presented for two different fungal species and both sealed and non-sealed specimens were tested. For non-sealed specimen in the top graph of Figure 6 , high decay levels by Coniophora puteana are noted for the UMF-glued hardwood plywood while the PF-glued hardwood plywood is far more resistant as nearly no mass loss is noted, with b2 as exception. The decay pattern for Pleurotus ostreatus is different. It seems that this fungus is rather glue-indifferent. Decay rates are higher for birch and spruce plywood (>20%) than for poplar or poplar combination plywood (<20%). For the sealed specimen in the bottom graph of Figure 6 , results are clearly different. It is obvious that the fungi have to degrade the substrate starting from the outer veneers without the possibility to enter the layered structure from aside, as the edges are main entrance gates for the non-sealed specimen. The application of an edge sealing alters the situation for Coniophora: overall a positive effect of durable outer veneers or coating application on the plywood durability can be observed, e.g. lower mass loss for the poplar/okoumé combination compared to throughout poplar plywood. By applying an edge sealing the influence of the glue type on decay by Coniophora becomes less explicit. Mass losses are higher with Pleurotus compared to Coniophora when using an edge sealing (Fig. 6 ). The effect of edge sealing on poplar plywood is small compared to birch plywood. Similar as for Coniophora the protective effect of a coating or the presence of durable outer veneers can be clearly distinguished.
Fungal susceptibility
Fungal susceptibility and the Brischke model
Comparing the moisture dynamics of plywood expressed as the dose the specimen received during weathering with the structure of the plywood and the fungal susceptibility of the sealed specimen results in the graph as given in Figure 7 . The X-axis of Figure 7 is the accumulated dose received during more than two years of outdoor weathering. Again, these values are used for mutual evaluation as the real distribution throughout the sample is not known. The white dots represent the ratio of the top veneer thickness in regard of the total thickness, which logically increases with increasing moisture dynamics. This is not an unequivocal trend as the b2 plywood deviates from this relationship. Although the latter has a favourable top veneer to total thickness ratio, total dose is higher than expected. Linking total dose to decay of sealed samples by Pleurotus is presented by the black dots. Plywood types receiving high doses do not necessarily have high white rot susceptibility. As stated before, glue type is decisive too concerning both moisture and fungal decay, as can be seen for the p3 plywood. The two groups A and B indicated on the graph, once more illustrate the influence of glue type (PF <-> UMF). Coated specimens are superior to the others. A similar approach for Coniophora was not elaborated due to the amount of missing values.
Discussion
Performance durability is one of the most important properties of wood-based panels used in housing construction (McNatt and Link 1989; Kajita et al. 1991) . It depends on the physico-mechanical functioning as well as the endurance against decay. Both parameters are heavily influenced by ageing and MC of the material. In the present study the MC of 10 different plywood types was measured continuously for more than two years of outdoor weathering. As the X-ray radiographies given in Figure  1 allow assessment of the density distribution of the panel (Chen et al., 2010) and the presence of defects, they can be used as a general inspection tool for the selection of test material. The large knot 289  290  291  292  293  294  295  296  297  298  299  300  301  302  303  304  305  306  307  308  309  310  311  312  313  314  315  316  317  318  319  320  321   322  323  324  325  326  327  328  329  330  331 332 333 334 present in one of the spruce panels and the inhomogeneous distribution of densities along the mp panel are the most remarkable features which were not visible at the outside of the panels and can have an influence on the general performance. Crucial is the moisture behaviour of the plywood during ageing and the ageing itself. It is already shown that ageing influences the shear strength (adhesive bonding) of the material (Gillespie and River 1976) . Plywood is considered to be substantially a wood-like stable material (Xu and Suchsland 1991) . In a study by River (1994) , it is shown that plywood retained more than 50% of initial Modulus of Elasticity (MOE) after 10 years of ageing. Blanchet (2008) showed that plywood scores very well compared to other flooring products such as OSB and HDF when used in environments with changing T°C and RH%. Yet, it is to be expected that differences exist between different plywood types and these are indeed very clear when analyzing CMM data. Histogram plotting as shown in Figure 3 already depicts the differences. Softwood species sp and mp in general are higher absorbing than hardwood species. For spruce, maritime pine and poplar p2 and p3, with rather thick top veneers, the right tails of the distribution are mostly linked to moisture absorption by this top veneer, but probably not yet with (complete) failure of the glue lines. The samples indicated as high absorbing within their group, especially the spruce sample, clearly have a more severe failure of the glue line beneath the top veneer, as shown by X-ray tomography scanning in Figure 4 . Weathering of the rather thick top veneer causes checking and stress at the glue line and manifests itself through cracks. For spruce the stress difference between early-and latewood might have caused an extra force inducing rupture of the glue plane. For the higher absorbing birch sample, cracking of the top veneer probably was the starting point for higher absorption in combination with failure of the glue surface between this top veneer and the underlying layer, causing water to penetrate and to accumulate. For poplar, a similar conclusion can be drawn from visual and X-ray inspection of the top veneer, showing cracks and erosion spots. X-ray tomography is a very valuable tool for inspection of the failure modes and quality of the plywood before and during weathering. On volumes scanned at higher resolution it would even be possible to map the glue distribution in order to use it as a quantifiable criterion for durability. The application of a coating reduces the moisture content in general, yet failure of the coating might lead to moisture accumulation beneath the coating in the veneers, making the subsequent drying of the material difficult. The beginning of such an effect can be seen on the coated p1_c with a shift towards a higher moisture content frequency. As stated before, the measured MC is an average of the whole panel and as such it is not possible to derive a distribution of the moisture throughout the sample. Therefore electrical resistance sensors should be inserted beneath each veneer layer to closely monitor the moisture profile in order to be able to characterize breaching of the glue lines or coating layer.
Within the framework of decay risk, the ToW concept is used here to assess and compare the different plywood types. When expounding this in the light of progressing ageing of the samples, one gets a clear view on failure of veneer or glue. A low and a high absorbing group can be distinguished in Figure 5a and 5b, which is especially for the 20% graph already established after 204 days of weathering. In fact these groups can be considered to be the moisture dynamics of nearly intact specimen. Mutual relations are not yet fixed and during weathering changes occur progressively. The mixed okoumé and poplar plywood panel is an example of pronounced changing moisture dynamics. After more than 600 days of weathering, it shifted to the lower absorbing group although it started in the higher absorbing one. This evolution underpins the importance of long-term outdoor weathering, which might be completed with artificial weathering tests.
Another important aspect of the performance durability concept is the decay susceptibility of a material. Chung et al. (1999) gave evidence that resistance of plywood mainly depends on the anatomical characteristics of the wood species used in the wood veneer with a preference of brown and white rot 335respectively for soft-and hardwood. The latter result was not found in this study, but anatomical characteristics or wood species definitely play a role. The question can be raised whether or not the ENV 12038 set up is resulting in an over-severe assessment of plywood durability, since the presence of a coating or durable outer veneer induces no difference in the test results obtained. Therefore the application of an edge sealing to all test specimens should be considered. A proper edge sealing of plywood in test material is vital since edges of panel products are more susceptible to water uptake than their faces, due to the end grain exposure of timber veneers (Lea and Berry 1995) . In service situations, most plywood products are used as whole boards with a large surface area, whereas test specimens are rather small and have a high ratio of edge to surface area. The use of small sealed test specimens could lead to a more realistic test approach, particularly when test specimen are coated or have a durable top veneer. In fact, an outer veneer such as okoumé can be considered to behave as a coating. The decay results support the argument to include edge sealing requirements in the ENV 12038 test methodology. Plywood used outdoors is often coated and edge sealing is recommended. These precautions deliver a higher resistance to degradation which is not materialized in results obtained according to the current standard test methodology. Zanuttini et al. (2003) also concluded that the best protection for plywood is a surface treatment and coating on the edges and therefore the ENV 12038 set up is not representing a realistic outdoor situation. Furthermore, from these results it can also be concluded that while performing an ENV 12038 durability assessment, at least one brown rot fungus and one white rot fungus, and even different strains (Kernergang and Grinda, 1984) should be included in the test set up. Protection of plywood against decay might include preservative treatment, yet Van Acker and Stevens (1989) have shown that this kind of treatment does not give sufficient protection against white and brown rot fungi. Tascioglu and Tsunoda (2010) have subjected azole-treated plywood to fungal attack and found better results for hardwood plywood but not for plywood made from softwood. It is expected that these treatments do not change the moisture dynamics of the wood, but induce an inhibitory effect towards fungi. Moisture accumulation reduction is of course the first goal to strive for and with a correct choice of veneer thickness, glue and wood species one already reaches a considerable level of protection.
Conclusions
Within the framework of low-energy and low-cost construction, the use of plywood as one of the major re-engineered wood products is an important market. When used in use class 3 situations, both physicomechanical performance as well as biological durability are important. There are clear differences in moisture dynamics and fungal susceptibility between different plywood types. Linking fungal laboratory tests and outdoor weathering with continuous moisture measurements is not straightforward, but they can better be considered as complementary methods. It is clear that intrinsic durability testing (ENV 12038) of the used wood species is not sufficient for the assessment of plywood. Even low durable wood species perform better than expected and moisture dynamics can contribute significantly to this understanding through concepts such as time of wetness and dose-response. Furthermore, X-ray tomography as an inspection tool is absolutely invaluable to detect defects and failure modes. Further investigation on the fungal susceptibility and its relation with the moisture dynamics and ageing of the plywood necessitates the implementation of a system as worked out by and with covered plywood to follow the phenomena in moist conditions while measuring material temperature and following degradation evolution. 
